Graphene nanoribbons are quasi-one-dimensional planar graphene allotropes with diverse properties dependent on their width and types of edges. Graphene nanoribbons anchored to substrates is a hybrid system, which offers novel opportunities for property modifications as well as experimental control. Here we present electronic structure calculations of zigzag graphene nanoribbons chemically attached via the edges to the Si or C terminated surfaces of a SiC substrate. The results show that the edge characteristics are rather robust and the properties are essentially determined by the individual nanoribbon. While the localized spin polarization of the graphene nanoribbon edge atoms is not significantly affected by the substrate, secondary energy gaps in the highest conduction and lowest valence region may emerge in the anchored structures. The van der Waals interaction together with the electrostatic interactions due to the polarity of the surface bonds are found to be important for the structure parameters and energy stability.
Introduction
The discovery of graphene has created new directions for fundamental research and device development at the nanoscale [1] . This atomically thin layered material with hexagonal carbon rings is stable under ambient conditions and it has a range of unique properties, such as high carrier mobility, high optical transparency, and extraordinary mechanical strength. Its exceptional transport characteristics make graphene attractive as a building component in high-frequency electronics [2] [3] [4] . Progress in experimental research has enabled the fabrication of graphene derivatives, such as graphene nanoribbons (GNRs). These are quasi-one-dimensional planar strip-like systems synthesized by various methods, including lithography combined with mechanical extraction, chemical and other bottom-up approaches, and unzipping of carbon nanotubes [5] . GNRs have promising electronic and spintronics applications due to their finite band gap, high permittivity and low loss at radio and low microwave frequencies, and localized spin-polarized edge states [6] .
The properties of GNRs are strongly dependent on their width and types of edges [7] . They can be semiconducting with an energy gap, E g varying inversely with the width of the ribbon and typically the gap is expected to be about 1 eV for a 1 nm wide system. While E g for armchair GNRs is grouped into three families depending on the number of armchair carbon lines N a = 3p, 3p + 1, 3p + 2 ( p-integer), the gap for zigzag GNRs decreases smoothly as a function of zigzag carbon lines N z [8] . Zigzag GNRs also have mid-gap states close to the Fermi level that are localized at the edges. Experimental evidence for such localization was reported for 1-2 nm wide GNRs on Au(1 1 1) substrates obtained via carbon nanotube unzipping [9] .
The ground state of zigzag GNRs is found to be spin polarized, where the individual zigzag edge is ferromagnetic with strongly localized spins while the entire ribbon is an antiferromagnetic system [10, 11] . It turns out that the spin polarization of zigzag edges of GNRs is quite robust, however different types of defects or other mechanical modifications may result in an overall ferromagnetic state, as shown in several works [12] [13] [14] [15] . Besides these factors, the environment also plays a significant role in affecting the properties of the nanoribbons. The edge states can be tuned to achieve half-metallicity via doping or edge functionalization [16, 17] . Patterned GNRs via lithography have also shown strong localization of the charge carriers and large mobility gaps [18] . External electric fields can reduce the energy gaps and result in GNRs with conducting and nontrivial spin polarized characteristics [10, 19] .
Recent experimental studies have demonstrated an interesting possibility for GNR growth which can also lead to pathways of electronic properties tuning. Specifically, it was shown that GNRs can be selectively grown by attaching their unsaturated and highly reactive edges on appropriately designed SiC substrates achieving anchored GNRs, while the rest of the GNR interacts via van der Waals (vdW) forces with the substrate. This self-assembled process uses the preferential sublimation epitaxy on SiC surfaces without further processing [20, 21] . The underlined transport measurements show exceptional ballistic transport of the anchored ribbons, which have typically widths on the order of ∼100 nm. The orientation of the studied ribbons is such that the zigzag edges are anchored to the substrate and they are quite robust even for SiC substrates with different roughness, as shown in [21] . Nevertheless, a transition from ballistic to diffusive characteristics is possible as a function of increased roughness suggesting possible ways of transport control in anchored ribbons.
The focus of this investigation is to understand the basic properties of GNRs anchored to SiC substrates. Specifically, using first principles simulations based on density functional theory (DFT) we study the structural, electronic, and spinpolarization properties of the GNRs with emphasis on the zigzag edge. By comparing ribbons with edges attached to the Si or C terminated sides of the substrate, we answer important questions regarding the stability as well as the preferred ground state. The simulations also help us understand what physical mechanisms are important for these hybrid structures to achieve pathways for improved technological applications.
Computational methods
The calculations reported in this work are executed using DFT as implemented in the VASP code [22, 23] , in which the single particle Kohn-Sham equations are solved within the projector augmented wave (PAW) method [24] with a plane wave basis set utilizing periodic boundary conditions. The Perdew-Burke-Ernzerhof (PBE) functional [25] is further used to calculate the exchange-correlation energy. For all calculations we have used a plane wave cutoff of 600 eV and Brillouin zone sampling of ( ) × × 9 9 1 k-mesh for relaxation. The vdW interaction plays a prominent role for systems involving graphene structures including the anchored GNRs. The vdW interaction affects especially the structure parameters and energy stability of the studied heterosystems. Here, this long ranged and dispersive coupling is taken into account via the vdW-DF2 functional as implemented in VASP according to the Langreth-Lundqvist scheme [26] [27] [28] . The vdW-DF2 nonlocal functional has been extensively used for electronic structure calculations for a variety of system at the 2D and 3D scales in which vdW interactions are important [29] [30] [31] . The spin polarized state of each anchored to the substrate GNR is considered by explicitly requesting an antiferromagnetic (AFM) or ferromagnetic (FM) orientations of the constituent atoms.
Results and discussion
The SiC substrate is prepared to consist of three sub-layers as shown in figure 1 . The substrate cell can be described to be of × R 3 3 30 orientation and we consider GNRs anchored to the Si terminated (0 0 0 1) and C terminated (0 0 0 1 ) sides. Both types of surfaces have been shown to be important for figure 1(a) ). The initial configurations considered include a flat unsaturated ribbon above the Si terminated surface ( figure 1(a) ) and C terminated surface (not shown). After the relaxation is achieved (details in Computational Methods), the zigzag edges of GNR become chemically attached to the unsaturated substrate atoms, which are of armchaired arrangement. The overall curved forms of the ribbon anchored to the Si and C terminated sides after relaxation are shown in figures 1(c) and (d), respectively. The separation between two adjacent ribbons is 10.2 Å , which is on the order of the magnitude of the GNR width. A top view displayed in figure 1(b) , shows the stacking pattern of the anchored ribbon on top of the Si side of the substrate.
The results from the calculations enable the examination of the structural and energetic parameters of these materials, which are summarized in table 1. It is shown in figure 1(b) that each supercell contains two primitive cells along the zigzag edge of the GNR ( c 2 R in length) and three primitive cells along the armchair direction of the substrate ( a 3 S in length).
, where c S denotes the lattice parameter and a S is the projection of the nearest neighbor distance on the surface of the substrate. Our optimization simulations show that the lattice parameters for the GNR and substrate do not change significantly upon anchoring the ribbon to the different surfaces of the substrate. However, the distance d between the flat region of the GNR and the substrate, illustrated in figures 1(c) and (d), strongly depends on the anchored surfaces. One further notes that the inclusion of the DF2 functional increases the lattice parameter by 0.02 Å . On the other hand, the distance d between the GNR and the substrate, illustrated in figures 1(c) and (d), is shortened by 0.12 Å for the Si-side and by 0.14 Å for the C-side, indicating the attractive effect from the vdW interaction.
The energetic stability of the anchored GNRs is also investigated by considering the ferromagnetic (FM) and antiferromagnetic (AFM) spin polarizations. It has been established that zigzag edges in materials with hexagonal lattices have localized FM ordered spins [35] , such that the overall magnetization of GNRs is AFM. The zigzag spin polarization is not specific just to C systems, but it can be found in other structures, such as silicene and germanene nanoribbons, for example [36, 37] . It has also been shown that such edge magnetism is quite robust and it can survive mechanical manipulations, defects and different saturation species [13, 15, 38] . Here, we also investigate the anchored edge magnetic states by calculating the total energy differences ∆E N A,F with reference to the non-magnetic results. Table 1 shows that in both anchored structures the most stable configuration is the AFM state. This type of ground state is further strengthened upon inclusion of the DF2 functional. In fact, we find that the difference between ∆E N A,F with and without DF2 for the GNR attached to the C surface is bigger (about three times) than the respective energy differences for the ribbon attached to the Si surface of the substrate. This larger vdW effect for the C termination is attributed to the larger polarization of the C-H bonds as compared to Si-H bonds, which can be understood by considering the electronegativity of the atoms [40] . Nevertheless, the GNR anchored to the Si surface is found to be more stable as compared to the ribbon anchored to the C surface, such that
eV. We also investigate the electronic structure properties of the anchored GNRs by calculating the characteristic energy gaps and density of states. Figures 2(a)-(d) shows the NM and AFM spin-polarized total DOS as well as GNR projected DOS for various cases. It is clear that in all considered systems the role of the nanoribbon is much prominent in the (−1, 3) eV region around the Fermi level, which indicates that the transport electronic properties will be primarily determined by the GNR. In fact, comparing with the free GNR (figures 2(g) and (h)), one finds that characteristics of DOS around the Fermi level are very similar further indicating that transport will be directly along the axis of the ribbon and effects from the adjacent ribbons are minimal. At the same time, the SiC substrate is much more important in the deeper valence and higher conduction ranges.
Figures 2(a) and (b) further show that there is little difference between the NM DOS for a GNR anchored to the Si or C surface of the substrate. The localized peak at the Fermi level is half filled indicating Stoner instability, which leads to magnetic states [39] . Taking into account the AFM spin polarization, a gap is opened at E F with a strongly localized peak shifted in the conduction range (figures 2(c) and (d)). In the case of anchoring to the C side, E g is larger by 24 meV as compared to the anchoring to the Si surface (table 1) . Interestingly, another smaller gap is opened in the conduction range but with the opposite trend: E g C for the C-anchored GNR is smaller by 60 meV than E g C for the Si-anchored GNR. One further notes that while a gapped valence region is formed in C-anchored GNR, no such effect is found in the other system. Including the vdW-DF2 increases all energy gaps especially at E F , where E g for the C-anchored GNR is now larger by 58 meV as compared to the Si-anchored ribbon. While the gapped conduction region in both systems becomes of similar magnitude, E g V for the C-anchored ribbon is increased by 23 meV.
Figures 2(e) and (f) show that the vdW-DF2 inclusion leads to some peak shifts in the conduction and valence regions while the peaks around the Fermi level are not affected significantly. Actually, the main contribution to the DOS around E F comes precisely from the zigzag edges. Figures 2(g)-(j) indicate the further localization originating from the end carbon lines for the anchored structures as there are several new and sharper peaks in the valence and conduction regions as opposed to the free GNR. These strong edge localization effects are directly related to the spin polarization effects at the edges, as obtained in our calculations. We find that the average magnetic moment per atom for L1 and L16 for the free GNR is ( figure 2(k) ) µ µ = 0.15 B , while µ µ = 0.04 B for the atoms residing on L2 and L15. The average magnetic moments for the anchored ribbons are of similar values. Specifically, for the atoms from L1 and L16 µ µ = 0.18 B , while µ µ = 0.05 B for the atoms from L2 and L15 for the GNRs anchored to both types of surface termination. Therefore, the localized spin polarization at the zigzag edge is preserved regardless of the fact that the GNR is chemically connected to the SiC surfaces.
To further understand the electronic structure of these heterostructures, the charge density plots are also calculated with results given in figure 3 . Two views are shown for each case with the projection plane as indicated beside each charge plots panel. Figure 3 clearly shows the covalent chemical bonding between the zigzag GNR edges and armchaired substrate atoms orientation. For both types of surface termination, the chemical bonding on the left side is not symmetric to the one on the right side. This type of asymmetry translates into asymmetric features in the AFM DOS as figure 2 shows that the up and down DOS for the anchored ribbons is not exactly the same as is the case for a free GNR. It is further noted that the C-Si covalent bond is considered to be a polar one, while the C-H and C-C bonds are of non-polar character [40] . This difference especially between the C-Si (figures 3(a) and (b)) and C-C (figures 3(c) and (d)) atoms further affects the different charge transfer in each case. We find that in the case of the ribbon connected to the Si terminated surface there is a total charge transfer of = − Q 3.903e tot from the substrate to the GNR. Our calculations show that the majority of this transfer happens at the edges from L1 and L16. The situation for the GNR anchored to the C terminated surface is rather different. The total charge transfer to the GNR is smaller, = − Q 0.359e tot , however, this process is not localized at the edges but all atoms across the width participate. The much larger Q tot between the GNR and the Si surface atoms than Q tot with the C surface atoms (about an order of magnitude) indicates that the chemical bonding is stronger in the first case, which may strongly contribute to the higher stability of the anchored GNR to the Si terminated surface, as previously discussed.
These results have important consequences for the distance d between the flat portion of the GNR and the surface of the figure 1 . SiC substrate (figures 1(c) and (d)). Taking into account the electronegativity of the different bonds [40] one notes that the Si-H bond is polarized towards the H atom which makes it more negatively charged. Therefore, there is an electrostatic repulsion between the negatively charged GNR connected to the Si terminated surface in figure 1(c) . This repulsion works against the dispersive vdW attraction, thus the characteristic distance d is found to be relatively larger as compared to figure 1(d). The C-H bond, on the other hand, is polarized towards the C atom which makes the H atom more positively charged which creates an electrostatic attraction with the nanoribbon connected to the C terminated surface. Thus in this case this attraction works together with the vdW attraction resulting in a smaller d separation (table 1) .
Conclusions
In summary, we have presented an investigation using first principles simulation methods of heterostructures consisting of zigzag GNRs chemically connected at their edges to SiC substrates. Our results show that electronic structure properties are determined by the GNR around the Fermi level, therefore it is expected that the transport for such systems will be quasi-1D along the axis of the nanoribbons. More specifically, the zigzag edges are the primary factors in this process. Nevertheless, the substrate and the particular termination of the anchoring surface are responsible for localization effects in DOS as well as opening of additional energy gaps in the higher valence and lower conduction regions. One further notes that the ballistic transport reported in previous experimental studies [20, 21] is not observed here, because the measurements were conduced using rather wide GNRs (100 nm), which essentially have the metallic-like properties of graphene. The calculations here were performed with much narrower GNRs (∼ 1.6 nm), which are semiconductors. Based on our results, we find that the localized spin polarization of the zigzag edge in anchored GNRs is rather robust as it shows similar properties compared to the ones of free GNRs. The particular surface termination also affects the charge transfer between the SiC substrate and the GNR. While the energy transfer to the ribbon connected to the Si terminated surface is rather localized at the edges, this process is delocalized for the GNR connected to the C side. The polarity of the C-H and Si-H covalent bonds introduces electrostatic interactions which further affect the characteristic separation between the ribbon and the surface. The occurring electrostatic and dispersive vdW attractions result in a smaller separation for the GNR anchored to the Si atoms, while the electrostatic repulsion works against the vdW interaction for the GNR anchored to the C side resulting in a larger separation. The vdW dispersion affects significantly the structural parameters as well as energy stability of these heterosystems as shown by our simulations.
GNRs anchored to SiC substrates can have many useful applications. Taking advantage of the attractive electronic properties of GNRs may be difficult due to being able to handle and control free nanoribbons in an organized manner. This investigation shows that essentially the transport in such heterosystems is quasi-1D and primarily determined by the individual ribbon. Therefore, GNRs grown on substrates in a patterned fashion offer an attractive alternative. Utilizing different substrates or ribbons with different widths and edging may be used as means for tuning and property optimization as well. The opening of energy gaps in the conduction and valence regions will impact the dielectric response properties of the anchored GNRs, thus potential optoelectronic applications may become possible. 
